Introduction
============

Deregulated apoptosis is a key hallmark of cancer, and high expression of anti-apoptotic proteins is frequently observed in cancer cells. Apoptosis is initiated by ligation of death receptors on the cell surface or by the release of cytochrome c into the cytosol followed by formation of the apoptosome (intrinsic apoptosis). Among the most important regulators of apoptosis is the BCL-2 protein family, which consists of both pro- and anti-apoptotic proteins.^[@b1-1052150]^ The pro-apoptotic BCL-2 proteins BAX and BAK are essential for the execution of intrinsic apoptosis, as they mediate the release of cytochrome c from the mitochondrial intermembrane space. The anti-apoptotic proteins (BCL-2, BCL-X~L~, MCL-1, BCL-w, BCL2A1 and BCL-B) inhibit the activation of BAX and BAK, thus preventing the release of cytochrome c. BAX and BAK can be bound and inhibited directly by the anti-apoptotic BCL-2 proteins; alternatively, their activation can be inhibited by sequestration of BIM or related BCL-2 homology domain 3 (BH3)-only proteins. In this latter model, the release of BH3-only proteins from anti-apoptotic BCL-2 proteins is required in order to allow the BH3-only proteins to interact and directly activate BAX/BAK.

BCL-2 was identified as the target for the t(14;18)(q32.3;q21.3) chromosomal translocation involving the *BCL2* gene with the immunoglobulin heavy chain transcriptional enhancer in follicular lymphoma and related B-cell malignancies including diffuse large B-cell lymphoma (DLBCL).^[@b2-1052150]^ This chromosomal translocation results in constitutive expression of BCL-2 and increased resistance to apoptosis. About 40% of DLBCL display high expression of BCL-2, not only due to t(14;18)(q32.3;q21.3) but also due to gene copy number alterations and amplifications.^[@b3-1052150]^ These genetic changes are associated with poor prognosis, particularly when combined with those affecting *MYC* in double-hit lymphomas.^[@b4-1052150],[@b5-1052150]^ Apart from these genetic changes, *BCL2* is also among the most commonly mutated genes in DLBCL,^[@b6-1052150]^ with 91/393 cases reported as mutated in the COSMIC database (*cancer.sanger.ac.uk/cosmic)*. In comparison, mutations involving MCL-1 (3/391) or BCL-X~L~ (0/391) are rare in DLBCL. A recent study analyzed the protein expression of BCL-2, BCL-X~L~ and MCL-1 in a large set of DLBCL cell lines and patients' tissues and confirmed high expression of these anti-apoptotic proteins.^[@b7-1052150]^ RNA sequencing data obtained from a large cohort of DLBCL patients (n=584) indicated high expression of all main anti-apoptotic BCL-2 proteins in DLBCL.^[@b8-1052150]^

Elevated expression of anti-apoptotic BCL-2 proteins in cancer makes these proteins promising targets for the development of novel therapeutics. The first inhibitor for clinical use, ABT-199 (venetoclax), selectively targets BCL-2 and has been approved for the treatment of chronic lymphocytic leukemia and acute myeloid leukemia.^[@b9-1052150]--[@b11-1052150]^ Chronic lymphocytic leukemia cells display uniform sensitivity to ABT-199 and clinical responses are observed irrespective of genotype, demonstrating that the most important anti-apoptotic protein in chronic lymphocytic leukemia is BCL-2.^[@b12-1052150]^

In this study, we hypothesized that other BCL-2 family proteins, such as BCL-X~L~ and MCL-1, are important therapeutic targets in DLBCL. Here, for the first time directly comparing specific BH3-mimetics that target either BCL-2 (ABT-199).^[@b13-1052150]^ BCL-X~L~ (A1331852)^[@b14-1052150]^ or MCL-1 (S63845)^[@b15-1052150]^ in an extensive panel of DLBCL cell lines and primary cells, we identified subgroups of DLBCL that depended on individual BCL-2 family proteins for survival. Dependency was associated with the presence of preformed complexes of the respective anti-apoptotic BCL-2 protein with BIM, BAX and BAK, indicating that sensitive cells were highly primed and that sequestration of BAX/BAK by anti-apoptotic BCL-2 proteins was necessary for cellular survival.

Methods
=======

Materials
---------

All chemicals apart from ABT-199, A1331852, A1155463, A1210477 (Selleck Chemicals, Houston, TX, USA), and S63845 (ApexBio, Taiwan) were from Sigma (Deisenhofen, Germany). Most cell lines used in this study were obtained from *Deutsche Sammlung von Mikroorganismen und Zellkulturen* (DSMZ; Braunschweig, Germany) except Pfeiffer and SUDHL2 cells (American Type Culture Collection; Manassas, VA, USA), OCI-LY10 (Sandeep Dave, Duke University, Durham, NC, USA), MedB1^[@b16-1052150]^ (Peter Moeller, University of Ulm, Ulm, Germany) and Karpas-1106^[@b17-1052150]^ (Abraham Karpas, University of Cambridge, Cambridge, UK). All cell lines were authenticated by short tandem repeat profiling and routinely tested for mycoplasma contamination. Primary patient-derived samples were obtained from patients attending the University Hospital of Leicester, UK. Local ethical approval (Leicestershire, Northamptonshire and Rutland REC06/Q2501/122) and patients' consent were obtained through the Haematological Tissue Bank of the Ernest and Helen Scott Haematological Research Institute, Leicester, UK. Peripheral blood mononuclear cells were isolated from the blood of patients presenting in leukemic phase and the CellTiterGlo assay (Promega, Mannheim, Germany) was used to assess these cells' viability.

Western blotting and immunoprecipitation
----------------------------------------

For western blotting, proteins were obtained using Tris-lysis buffer containing 1% TritonX. Western blotting was performed using the following antibodies: mouse anti-BCL-2 (M088701-2, Dako Agilent, Hamburg, Germany), rabbit anti-BCL-X~L~ (2762S, Cell Signaling, Beverly, MA, USA), rabbit anti-MCL-1 (ADI-AAP-240F, Enzo, Farmindale, NY, USA), rabbit anti-BIM (3183S, Cell Signaling), mouse anti-NOXA (ALX-804-408, Enzo), rabbit anti-BAK (06-536, Upstate/Merck), mouse anti-BAX (2772S, Cell Signaling) and mouse anti-GAPDH (5G4-6C5, BioTrend, Hy Test Ltd., Turku, Finland). Immunoprecipitation was performed using the following antibodies: hamster anti-BCL-2 (551051, BD Bioscience, Heidelberg, Germany), rabbit anti-BCL-X~L~ (ab32370, Abcam), rabbit anti-MCL-1 (ADI-AAP-240F, Enzo), mouse anti-BAX (610983, BD Bioscience), and rabbit anti-BAK (ab32371, Abcam). Antibodies were crosslinked to protein G dynabeads (Invitrogen, Karlsruhe, Germany). CHAPS containing lysates were incubated overnight at 4°C with the antibody-protein G complexes before the precipitates were washed in lysis buffer and analyzed by western blotting.

BH3-profiling
-------------

Cells were gently permeabilized with 0.0025% digitonin before exposure to 0.1, 1 or 10 μM of synthetic peptides (BIM, BAD, XXa1_Y4eK^[@b18-1052150]^). Loss of mitochondrial membrane potential was measured using 1 μM JC-1 via a Hidex Sense plate reader as described previously.^[@b19-1052150]^ Results were normalized to those of dimethylsulfoxide (DMSO) and carbonyl cyanide-*4*-(trifluoromethoxy)phenylhydrazone (FCCP) controls.

Genetic modifications
---------------------

For silencing of individual genes, cells were electroporated with a neon transfection system (ThermoFisher) using two pulses of 20 ms at 1200 V. The following silencer select short interfering (si)RNA (ThermoFisher) were used at 100 nM: BAX (\#1s1888, \#3s1890), BAK (\#1s1880, \#2s1881), BIM (\#1s195011, \#2s195012, \#3s223065), BCL-X~L~ (s1921), MCL-1 (s8583), and NOXA (s10709, s10710). CRISPR/Cas9 engineering was done as described previously.^[@b20-1052150]^ Briefly, three guide (g)RNA against human BAK (GGTAGACGTGTAGGGCCAGA, TCACCTGC-TAGGTTGCAG, AAGACCCTTACCAGAAGCAG) or against green fluorescent protein as a non-human target (NHT) (GGAGCGCACCATCTTCTTCA, GCCACAAGTTCAGCGT-GTC, GGGCGAGGAGCTGTTCACCG) were cloned in pLentiCRISPRv2 (Addgene \# 52961). Lentiviral particles were generated by co-transfecting pLenti-CRISPRv2 NHT and BAK with pPAX2 (Addgene \# 12260) and pMD2.G (Addgene \# 12259) in HEK293T cells and used to transduce U2946 or SUDHL8 target cells using spin transduction followed by puromycin selection and isolation of BAK-deleted single clones using limited dilution. The BAK expression status was assessed using western blotting.

Results
=======

BCL-2, BCL-X~L~ and MCL-1 are important therapeutic targets in diffuse large B-cell lymphoma
--------------------------------------------------------------------------------------------

To investigate the roles of the main anti-apoptotic BCL-2 proteins in DLBCL, we assessed the effects of selective BH3-mimetics in DLBCL cells. We focused on commercially available inhibitors that target BCL-2 (ABT-199), BCL-X~L~ (A1331852, A1155463) or MCL-1 (A1210477,^[@b21-1052150]^ S63845). Primary cells isolated from patients' tissues were exposed to different concentrations of BH3-mimetics before analysis of cell viability using a CellTiterGlo Assay ([Figure 1A](#f1-1052150){ref-type="fig"}). The direct comparison of ABT-199, A1331852 and S63845 revealed that the response to BH3-mimetics was highly heterogeneous, with three of seven samples (\#1, \#2, and \#3) responding to low nanomolar concentrations of S63845, sample \#4 responding best to ABT-199, and samples \#5, \#6 and \#7 being more resistant to all three BH3-mimetics. Notably, sample \#3 displayed a better response to A1331852 than to ABT-199, indicating that although none of these primary samples displayed the highest sensitivity to A1331852, all three main anti-apoptotic BCL-2 proteins may be relevant therapeutic targets in DLBCL.

![Diffuse large B-cell lymphoma cells display a heterogeneous sensitivity to selective BH3-mimetics. (A) Primary cells isolated from patients' tissues were incubated with different concentrations of ABT-199, A1331852 or S63845 for 24 h before analysis of cell viability using CellTiterGlo. Experiments were performed in triplicate and data shown are the mean and standard deviation (SD) for each individual sample (n=7). (B-D) Diffuse large B-cell lymphoma cell lines were exposed to different concentrations of ABT-199 (B), A1331852 (C) or S63845 (D) before analysis of cell viability using CellTiterGlo at 72 h. Data shown are the mean and SD (n=4-6). Half maximal effective concentration (EC~50~) values, as displayed in [Table 1](#t1-1052150){ref-type="table"}, are indicated for highly sensitive cell lines.](1052150.fig1){#f1-1052150}

As primary patient-derived DLBCL cells are limited and freshly isolated malignant B cells rapidly lose viability *ex vivo*, we continued our investigations in a panel of 18 DLBCL cell lines comprising the main subtypes of DLBCL defined by gene expression profiling.^[@b22-1052150]^ namely activated B-cell, germinal center and primary mediastinal B-cell lymphoma-like cells ([Table 1](#t1-1052150){ref-type="table"}). In addition, based on their mutation/translocation signature derived from public databases, we characterized the cell lines according to their genetic drivers into MCD (*MYD88* and *CD79b* mutations), BN2 (*BCL6* fusion and *NOTCH2* mutations), N1 (*NOTCH1* mutations) and EZB (*EZH2* mutations and *BCL2* translocations) as recently described.^[@b8-1052150]^ An initial comparison of different selective BH3-mimetics indicated that A1331852 was more potent than A1155463, and S63845 displayed significantly higher potency than A1210477 ([Figure 1B-D](#f1-1052150){ref-type="fig"}, *Online Supplementary Figure S1*, [Table 1](#t1-1052150){ref-type="table"}).

###### 

Characteristics of the cell lines.

![](1052150.tab1)

DLBCL cell lines displayed highly heterogeneous responses to BH3-mimetics ([Figure 1B-D](#f1-1052150){ref-type="fig"}). RIVA, U2932 and OCI-LY1 cells responded primarily to ABT-199, indicating a dependency on BCL-2 for survival. In contrast, RCK8, SUDHL8 and MedB1 cells were highly sensitive to A1331852, demonstrating BCL-X~L~ dependency. Notably, these three cell lines displayed sensitivity to low nanomolar/picomolar concentrations of A1331852, with half maximal effective conentrations (EC~50~) of 0.0006, 0.005 and 0.002 μM, respectively, highlighting its potency in cellular systems. Susceptibility to S63845 was more homogeneous than that to ABT-199 or A1331852, with ten of the 18 cell lines responding to less than 3 μM. The most sensitive cell line in our panel was SUDHL10 (EC~50~ 0.006 μM), which was previously described to be resistant to BH3-mimetics.^[@b23-1052150]^

Most cell lines were primarily sensitive to one specific BH3-mimetic, indicating firstly that in each cell line one particular BCL-2 family protein was functionally most dominant and, secondly and unexpectedly, that expression of the other anti-apoptotic BCL-2 proteins could not prevent induction of apoptosis. However, four cell lines (OCI-LY1, RIVA, SUDHL8 and TMD8) were sensitive to multiple inhibitors. Notably, five of the 18 cell lines did not respond to any inhibitor at submicromolar concentrations (OCI-LY10, Pfeiffer, OCI-LY3, Karpas-1106 and HBL1) ([Table 1](#t1-1052150){ref-type="table"}).

BH3-profiling using XXa1_Y4eK may predict sensitivity to A1331852
-----------------------------------------------------------------

To confirm that BCL-X~L~ and MCL-1 are important therapeutic targets in DLBCL, we utilized a genetic approach to silence BCL-X~L~ or MCL-1. Knockdown of BCL-X~L~ by siRNA was sufficient to induce apoptosis in RCK8, SUDHL8 and MedB1 cells but not in the BCL-2-dependent RIVA or U2932 cells, whereas knockdown of MCL-1 was sufficient to induce apoptosis in SUDHL10, TMD8 and U2946 cells but not in BCL-X~L~-dependent MedB1 cells, which correlated with susceptibility to A1331852 and S63845, respectively ([Figure 2A-D](#f2-1052150){ref-type="fig"}). BH3-profiling may serve as a surrogate assay to investigate priming in tumor samples.^[@b24-1052150]^ To examine whether BH3-profiling may predict the sensitivity to BH3-mimetics in DLBCL, permeabilized cells were exposed to BH3-peptides from BIM, which binds to all anti-apoptotic BCL-2 proteins, BAD, which binds to BCL-2 and BCL-X~L~, and the engineered peptide XXa1_Y4eK, which binds with high affinity selectively to BCL-X~L~.^[@b18-1052150]^ All tested cell lines displayed a dose-dependency towards BIM ([Figure 2E](#f2-1052150){ref-type="fig"}). Both RIVA and RCK8 cells also responded to BAD and XXa1_Y4eK, congruent with a dependency on BCL-2 and/or BCL-X~L~ for survival. In contrast, the MCL-1-dependent cell line SUDHL10 did not respond to BAD or XXa1_Y4eK, as observed in previous studies.^[@b23-1052150]^ Next, we asked whether the response to XXa1_Y4eK may correlate with the sensitivity to A1331852 in a larger panel of cell lines. The EC~50~ for A1331852 displayed a significant correlation with the response to XXa1_Y4eK (*P*\<0.001), indicating that BH3-profiling could serve as a biomarker to predict responses to BH3-mimetics provided that specific and potent peptides, such as XXa1_Y4eK, are available ([Figure 2F](#f2-1052150){ref-type="fig"}).

![BH3-profiling and genetic silencing of BCL-X~L~ and MCL-1 confirms that these proteins are important therapeutic targets independent of protein expression. (A-D) The importance of the anti-apoptotic proteins BCL-X~L~ (A, C) and MCL-1 (B, D) in diffuse large B-cell lymphoma (DLBCL) was confirmed using short interfering (si)RNA-mediated knockdown. (A) Apoptosis was investigated 48 h after siRNA-mediated knockdown of BCL-X~L~. Data shown are the mean and standard deviation (SD) (n=3). (B) Apoptosis was investigated 24 h after siRNA-mediated knockdown of MCL-1. Data shown are the mean and SD (n=3). (C, D) Representative western blots showing knockdown efficiency are displayed for BCL-X~L~ (C) and MCL-1 (D). GAPDH or α-tubulin was used as a loading control. (E,F) BH3-profiling was performed using selected cell lines and exposure of permeabilized cells to BIM (10, 1 or 0.1 μM), BAD (10 μM) or XXa1_Y4eK (10 μM) peptides before staining with JC-1 and fluorescence reading over time. Data shown are the mean and SD (n=4-5). (F) The response to XXa1_Y4eK was correlated with the half maximal effective concentration (EC~50~) for A1331852. Cell lines corresponding to the data points are indicated. (G) Expression of BCL-2 proteins in DLBCL cells was analyzed by western blotting. As this was done on two independent gels (\*, ^\#^) two GAPDH loading controls are shown. A representative example of five independent experiments is shown. Quantification is shown in *Online Supplementary Figure S2A*.](1052150.fig2){#f2-1052150}

BCL-2 protein expression was highly variable but only partially associated with sensitivity to BH3-mimetics
-----------------------------------------------------------------------------------------------------------

Next, we aimed to understand the heterogeneity in the response to BH3-mimetics in the panel of DLBCL cell lines. Western blot analysis revealed that the expression of BCL-2 proteins was highly variable ([Figure 2G](#f2-1052150){ref-type="fig"}, *Online Supplementary Figure S2A*). Several of the cell lines have genetic alterations involving *BCL2* e.g. t(14;18)(q32.3;q21.3) chromosomal translocation or gene amplifications ([Table 1](#t1-1052150){ref-type="table"}). Quantification of protein expression indicated that gene alterations of *BCL2* correlated partially with high protein expression (*Online Supplementary Figure S2B*). Although there was a tendency for cells with genetic alterations of *BCL2* to be more sensitive to ABT-199, as reported previously,^[@b25-1052150]^ this difference was not statistically significant (*Online Supplementary Figure S2C*). Of note, although SUDHL4 and SUDHL6 cells are reported to contain missense mutations of *BCL2*, which may prevent antibody recognition.^[@b26-1052150]^ BCL-2 protein expression was detectable with the antibody used in our study.

The highest expression of BCL-X~L~ was detected in RCK8, SUDHL8 and MedB1 cells, which were most sensitive to A1331852. Expression of MCL-1 was more homogeneous, with all cell lines expressing detectable MCL-1 protein and the highest expression being in the *MCL1* amplified U2946 cells.^[@b27-1052150]^ The pore-forming BCL-2 proteins BAK and BAX were expressed in all cell lines while BH3-only protein expression was highly variable ([Figure 2G](#f2-1052150){ref-type="fig"}).

To test whether susceptibility to BH3-mimetics was associated with the levels of expression of their targeted BCL-2 proteins, the EC~50~ values were correlated with BCL-2 protein expression. Linear regression analysis showed a significant correlation between the response to ABT-199 and expression of BCL-2, but this appeared to be driven by the very high or very low BCL-2-expressing cell lines. Sensitivity to ABT-199 also correlated significantly with the ratio of BCL-2 to MCL-1 expression (*Online Supplementary Figure S3A*). Although the cell lines with highest sensitivity to A1331852 expressed BCL-X~L~ strongly, the correlation of BCL-X~L~ expression and sensitivity to A1331852 was not statistically significant, which may be explained by several cell lines expressing BCL-X~L~ strongly but nevertheless being resistant to A1331852 (HBL1, Pfeiffer and Karpas-1106). Susceptibility to A1331852 was more strongly correlated with the ratio of BCL-X~L~ expression to a combined expression of the other anti-apoptotic proteins BCL-2 and MCL-1, although the resistant Pfeiffer and Karpas-1106 cells still displayed a high ratio and made this correlation weak (R^2^=0.23) (*Online Supplementary Figure S3B*). Sensitivity to S63845 did not correlate with expression of its target MCL-1 (*Online Supplementary Figure S3C*) but, as described previously,^[@b15-1052150]^ did to some extent inversely correlate with expression of BCL-X~L~. In addition, we found a significant correlation of S63845 sensitivity with the ratio of MCL-1 to BIM expression.

Sensitivity to BH3-mimetics correlated with sequestration of pro-apoptotic BCL-2 proteins
-----------------------------------------------------------------------------------------

To interrogate whether the interactions of anti- and pro-apoptotic BCL-2 proteins might influence susceptibility to BH3-mimetics, we selected ten representative cell lines and performed immunoprecipitation of the main anti-apoptotic proteins ([Figure 3](#f3-1052150){ref-type="fig"}). In the BCL-2-dependent cell lines (RIVA, U2932 and OCI-LY1), BIM was highly bound to BCL-2, with no detectable binding of BIM to BCL-X~L~ or MCL-1, despite high protein expression of BCL-X~L~ and MCL-1. In contrast, BIM was highly bound by MCL-1 in the MCL-1-dependent cell lines SUDHL10 and U2946. These two cell lines expressed low levels of BCL-2 and BCL-X~L~, which may explain why BIM was bound to MCL-1. In the BCL-X~L~-dependent SUDHL8 and RCK8 cells, BIM expression was comparatively low, and some BIM appeared bound to BCL-X~L~ but not to BCL-2 or MCL-1. Collectively, these data suggest a relationship between the sequestration of BIM by the different anti-apoptotic BCL-2 proteins and a dependency on the respective anti-apoptotic BCL-2 protein for survival. However, the resistant cells OCI-LY3 and Pfeiffer, which did not respond to any BH3-mimetic, also displayed binding of BIM to BCL-2 and/or BCL-X~L~ and MCL-1. Pfeiffer cells have been reported to contain a missense mutation in BIM (S10C), but this mutation did not prevent binding of BIM to its anti-apoptotic binding partners. In line with its published binding profile,^[@b28-1052150]^ the BH3-only protein NOXA was exclusively bound by MCL-1 but not by BCL-2 or BCL-X~L~ in all cell lines.

![Priming correlates with sensitivity to BH3-mimetics. The interaction of anti- and pro-apoptotic BCL-2 proteins was investigated in a selection of ten cell lines with varying sensitivities to BH3-mimetics. Immunoprecipitation of BCL-2, BCL-X~L~ and MCL-1 was performed in untreated cell lysates followed by analysis of binding of pro-apoptotic BCL-2 proteins (BIM, NOXA, BAX and BAK) using Western blotting. Protein G beads without primary antibody were used to control for unspecific binding. Staining with BCL-2, BCL-X~L~, MCL-1 and GAPDH was performed to demonstrate efficient immunoprecipitation and equal protein loading, respectively. Representative western blots of two independent experiments are shown.](1052150.fig3){#f3-1052150}

Besides binding BH3-only proteins, the anti-apoptotic BCL-2 proteins can also sequester BAX and BAK.^[@b29-1052150]^ Intriguingly, we found that both BAX and BAK are bound by the anti-apoptotic BCL-2 proteins, highlighting that in DLBCL the anti-apoptotic BCL-2 proteins may act by inhibiting already partially activated BAX and BAK, in which the BH3-domain is exposed and accessible for interaction with the anti-apoptotic BCL-2 proteins.^[@b30-1052150]^ Thus, BAX was sequestered by BCL-2 predominantly in the BCL-2-dependent cell lines, and predominantly sequestered by BCL-X~L~ in the BCL-X~L~-dependent cell lines, indicating that the binding of BAX by the respective anti-apoptotic BCL-2 protein was associated with sensitivity to specific inhibitors ([Figure 3](#f3-1052150){ref-type="fig"}). Besides BAX, BAK was also bound by BCL-X~L~ in the BCL-X~L~-dependent cell lines and by MCL-1 in the MCL-1-dependent cell lines. Taken together, our investigations show that sensitive DLBCL cell lines were highly primed and that direct sequestration of BAX and BAK by the anti-apoptotic BCL-2 proteins could be the last step preventing apoptosis in these cells.

BH3-mimetics induced cell death by displacing and activating BAX and BAK
------------------------------------------------------------------------

Next, we asked how BH3-mimetics induced cell death in DLBCL cell lines. Exposure to BH3-mimetics induced caspase-3 cleavage, caspase-dependent phosphatidylserine externalization and loss of mitochondrial membrane potential (*Online Supplementary Figure S4*). The activation and oligomerization of BAX and/or BAK are key events in the intrinsic apoptotic pathway and require conformational changes. Treatment with BH3-mimetics induced conformational changes associated with activation and oligomerization of BAX and BAK in all sensitive cell lines (*Online Supplementary Figure S5A-C*). Of note, some active BAK was detectable in untreated cells, but the amount of constitutively active BAK did not correlate with sensitivity (*Online Supplementary Figure S5D*).

To investigate how BH3-mimetics induced the activation of BAX and BAK we interrogated how the interaction of pro- and anti-apoptotic proteins changed upon exposure to BH3-mimetics ([Figure 4](#f4-1052150){ref-type="fig"}). In the BCL-2-dependent cell lines RIVA and U2932, the recently described displacement of BIM from BCL-2^[@b31-1052150]^ was difficult to detect but some reduction in binding of BIM to BCL-2 was found in U2932 cells. In RIVA cells, a minor amount of BIM appeared bound to BCL-X~L~ following treatment with ABT-199, which may indicate a low level of BIM displacement from BCL-2. In both cell lines, less BAX was bound to BCL-2 following treatment with ABT-199, indicating a direct displacement of BAX from BCL-2 ([Figure 4A](#f4-1052150){ref-type="fig"}). Similarly, in the BCL-X~L~-dependent cell lines, BIM binding to BCL-X~L~ was reduced upon treatment with A1331852. Strikingly, both BAX and BAK were less bound by BCL-X~L~ upon A1331852 treatment, supporting the hypothesis that BH3-mimetics can directly displace BAX and BAK ([Figure 4B](#f4-1052150){ref-type="fig"}). Treatment with S63845 in the MCL-1-dependent cell lines resulted in less binding of BIM and BAK to MCL-1 ([Figure 4C](#f4-1052150){ref-type="fig"}). In summary, these studies demonstrate that treatment with BH3-mimetics resulted in reduced binding of pro-apoptotic BCL-2 proteins.

![On-target binding of BH3-mimetics displaces pro-apoptotic BCL-2 proteins. (A-C) The interaction of anti- and pro-apoptotic BCL-2 proteins (BIM, BAX and BAK) was studied upon treatment with the BH3-mimetics (A) ABT-199 (RIVA, 3 nM and U2932, 10 nM), (B) A1331852 (RCK8, 3 nM and SUDHL8, 10 nM) or (C) S63845 (SUDHL10, 100 nM and U2946, 300 nM) for 4 h. In order to exclude downstream caspase-mediated effects on protein expression, the broad range caspase inhibitor zVAD.fmk was added to the cells. Input lanes show the presence of overall protein in the lysate, and immunoprecipitation (IP) lanes show interaction with BCL-2, BCL-X~L~ or MCL-1. Protein G beads without primary antibody were used to control for unspecific binding. Staining with BCL-2, BCL-X~L~, MCL-1 and GAPDH was performed to demonstrate efficient immunoprecipitation and equal protein loading, respectively. Representative western blots of two to five independent experiments are shown.](1052150.fig4){#f4-1052150}

The displacement of BIM could be functionally important for apoptosis induction, as released BIM could initiate apoptosis by binding directly to BAX and BAK and activating them. To investigate whether BIM is necessary, we performed siRNA-mediated knockdown of BIM followed by treatment with BH3-mimetics. Combined use of two distinct siRNA partially inhibited BH3-mimetic induced cell death in a treatment- and cell-line-dependent manner, as BIM knockdown reduced cell death in RIVA, SUDHL10 and to a lesser extent in U2946 cells ([Figure 5A-C](#f5-1052150){ref-type="fig"}, *Online Supplementary Figure S6*), although efficient knockdown was achieved in all cell lines ([Figure 5D](#f5-1052150){ref-type="fig"}). As RIVA cells also expressed high levels of the BH3-only protein BMF we asked whether BMF could be functionally important, but silencing of BMF did not affect ABT-199-induced apoptosis (*Online Supplementary Figure S7*).

![BH3-mimetic-induced cell death is partially dependent on BIM. (A-C) Depletion of BIM was achieved using a combination of two distinct short-interfering (si)RNA oligonucleotides (siBIM\#1 and siBIM\#2). Data on individual BIM siRNA are provided in *Online Supplementary Figure S6*. Upon transfection, cells were treated with the indicated concentrations of ABT-199 (A) in RIVA or U2932 cells, upon treatment with A1331852 (B) in RCK8 or SUDHL8 cells, or upon treatment with S63845 (C) in SUDHL10 or U2946 cells for 4 or 6 h and phosphatidylserine (PS) exposure was analyzed by staining with annexin V-FITC and flow cytometry. Non-targeting siRNA (siCtrl) was used as a control. The mean and standard deviation are shown (n=3-4). (D). Knockdown efficiency was controlled by western blotting 48 h after transfection. \**P*\<0.05;\*\**P*\<0.01; \*\*\**P*\<0.001.](1052150.fig5){#f5-1052150}

BAX and BAK were required to mediate ABT-199-induced apoptosis
--------------------------------------------------------------

Next, we explored the role of BAX in BH3-mimetic-induced cell death. Silencing of BAX using siRNA indicated that BAX was essential for the cell death induced by BH3-mimetics, as cell death was significantly reduced in RIVA, U2932, RCK8, SUDHL10 and U2946 cells ([Figure 6A-D](#f6-1052150){ref-type="fig"}). In contrast, knockdown of BAK only reduced apoptosis upon treatment with ABT-199 but not upon treatment with A1331852 or S63845, highlighting a prominent role for BAK only in ABT-199-induced apoptosis (*Online Supplementary Figure S8*).

![BH3-mimetic-induced cell death is mediated by BAX. (A-D) Knockdown of BAX using short-interfering (si)RNA-mediated gene silencing was performed before treatment with ABT-199 (A) in RIVA (3 nM) or U2932 (10 nM) cells, upon treatment with A1331852 (B) in RCK8 (3 nM) or SUDHL8 (10 nM) cells, and upon treatment with S63845 (C) in SUDHL10 (100 nM) or U2946 (300 nM) cells for 4 h and phosphatidylserine (PS) exposure was analyzed by staining with annexin V-FITC and flow cytometry. Untransfected cells and non-targeting siRNA (siCtrl) were used as controls. The mean and standard deviation (SD) are shown (n=3-4). (D) Knockdown efficiency was assessed by western blotting. (E) Knockdown of BAX with siRNA constructs \#1 and \#3 combined was followed by treatment with ABT-199 in RIVA (10 nM) or U2932 (30 nM) cells for 4 h and analysis of BAK activation by flow cytometry. The mean and SD are shown (n=3 for RIVA and n=2 for U2932). (F) The interaction between BAK and BAX was assessed by immunoprecipitation (IP) in RIVA or U2932 cells with or without treatment with ABT-199 (+;-). Input lanes show the presence of overall protein in the lysate, and IP lanes show the interaction between BAX and BAK upon treatment with ABT-199. Protein G beads without primary antibody were used to control for unspecific binding. \*indicates IgG band. GAPDH was used as a loading control. \**P*\<0.05;\*\**P*\<0.01; \*\*\**P*\<0.001.](1052150.fig6){#f6-1052150}

We also investigated how BAK was involved in ABT-199-induced apoptosis. As no direct inhibition of BAK by BCL-2 was observed, we hypothesized that BAX inhibition by BCL-2 is the initial target of ABT-199, and that once BAX is released, BAK is also activated and accelerates cell death. To test this hypothesis, the activation of BAK was assessed upon silencing of BAX and treatment with ABT-199. In both RIVA and U2932 cells, silencing of BAX resulted in significantly less active BAK induced by ABT-199, suggesting that BAX contributed to activation of BAK ([Figure 6E](#f6-1052150){ref-type="fig"}). To investigate whether BAX could directly activate BAK, the interaction between BAK and BAX was investigated. Treatment with ABT-199 induced complex formation between BAX and BAK in both RIVA and U2932 cells ([Figure 6F](#f6-1052150){ref-type="fig"}).

BAX rather than BAK is functionally required for A1331852- or S63845-induced apoptosis
--------------------------------------------------------------------------------------

To exclude that the absence of an influence of BAK silencing on A1331852- or S63845-induced apoptosis may be caused by insufficient knockdown, we performed genetic deletion of BAK using CRISPR/Cas9. Deletion of BAK in SUDHL8 cells had only a minor effect on A1331852-induced cell death as compared to cells transduced with NHT control gRNA (*Online Supplementary Figure S9A, B*). To investigate whether BAX could be activated in the absence of BAK, BAX activation was quantified upon treatment with A1331852 using a conformation-specific antibody and flow cytometry. Although the deletion of BAK had a minor influence on the activation of BAX, BAX could clearly still be activated even though BAK was deleted (*Online Supplementary Figure S9C*).

To interrogate the role of BAK in S63845-induced apoptosis, BAK was deleted in U2946 cells. In contrast to the data obtained by siRNA-mediated knockdown, genetic deletion of BAK had a significant influence on S63845-induced apoptosis in all BAK-deleted clones investigated ([Figure 7A](#f7-1052150){ref-type="fig"}). However, S63845-induced apoptosis was not completely inhibited, suggesting that BAX may play a prominent role also upon S63845 treatment. To confirm that S63845-mediated apoptosis involved BAX, knockdown of BAX was performed in BAK-deleted cells ([Figure 7B](#f7-1052150){ref-type="fig"}). Knockdown of BAX by siRNA had a stronger influence than BAK deletion on S63845-induced apoptosis. Combined deletion of BAK and depletion of BAX resulted in complete inhibition of S63845-induced apoptosis ([Figure 7C](#f7-1052150){ref-type="fig"}). To investigate how BAX may be activated upon inhibition of MCL-1, we first asked whether BAK was essential in activating BAX. Analysis of BAX activation in BAK-deleted cells indicated that BAK may be involved in activating BAX, as BAX activation was significantly reduced in BAK-deleted cells. However, some active BAX was still present in BAK-deleted cells, indicating that other factors may be involved in activating BAX. To explore a role of the BH3-only proteins BIM and NOXA, siRNA-mediated knockdown of BIM and NOXA was performed in BAK-deleted cells. In line with the minor reduction of S63845-induced apoptosis by BIM knockdown ([Figure 5C](#f5-1052150){ref-type="fig"}), BIM knockdown also reduced S63845-induced apoptosis in NHT- or BAK-deleted U2946 cells ([Figure 7E, F](#f7-1052150){ref-type="fig"}). In addition to BIM, NOXA may also be involved in S63845-induced cell death, as knockdown of NOXA partially reduced S63845-induced apoptosis ([Figure 7G,H](#f7-1052150){ref-type="fig"}). These data indicate that NOXA may participate in activating BAX upon S63845 treatment. To explore how NOXA may activate BAK we next investigated the binding of NOXA to MCL-1 and observed a prominent displacement of NOXA from MCL-1 by S63845 ([Figure 7I](#f7-1052150){ref-type="fig"}). Taken together, these data indicate that BH3-only proteins displaced from MCL-1 by S63845 may contribute to an activation of BAX which primarily mediates S63845-induced apoptosis.

![S63845 induced apoptosis is mainly independent of BAK. (A) BAK was deleted from U2946 cells using CRISPR/Cas9. Cells were transduced with pLentiCRISPRv2 either carrying non-human target (NHT) control guide (g)RNA or BAK gRNA (BAK) followed by selection of stable clones with BAK deletion. NHT or BAK-deleted clones were exposed to different concentrations of S63845 for 4 h before analysis of phosphatidylserine (PS) exposure by staining with annexin V-FITC and flow cytometry. The mean and standard deviation (SD) are shown (n=3). (B. C) To achieve efficient knockdown, BAX was silenced in U2946 NHT control or BAK-deleted cells (clone 12) using siRNA\#1 and \#3 combined. (B) Knockdown of BAX and genetic deletion of BAK was confirmed by western blotting. (C) Cells were exposed to different concentrations of S63845 for 4 h before analysis of PS exposure by staining with annexin V-FITC and flow cytometry. The mean and SD are shown (n=4). (D) NHT or BAK-deleted cells were treated with 100 nM S63845 for 4 h before analysis of BAX activation using intracellular staining with an active conformation-specific BAX antibody and flow cytometry. The mean and SD are shown (n=3). (E, F) BIM was silenced using short-interfering (si)RNA in U2946 NHT control or BAK-deleted cells (clone 12). (E) Knockdown of BIM was confirmed by Western blotting. (F) Cells were exposed to different concentrations of S63845 for 4 h before analysis of PS exposure by staining with annexin V-FITC and flow cytometry. The mean and SD are shown (n=4). (G, H) NOXA was silenced using siRNA in U2946 NHT control or BAK-deleted cells (clone 12). (G) Knockdown of NOXA was confirmed by western blotting. (H) Cells were exposed to different concentrations of S63845 for 4 h before analysis of PS exposure by staining with annexin V-FITC and flow cytometry. The mean and SD are shown (n=4). (I) NHT or BAK-deleted clones were exposed to S63845 (100 nM) for 4 h before lysis in CHAPS-containing buffer and immunoprecipitation (IP) of MCL-1. The interaction with NOXA is demonstrated by western blotting. Input lanes showing the presence of overall protein in the lysate, and IP lanes show the interaction with MCL-1. Protein G beads without primary antibody were used to control for unspecific binding. A representative blot of two independent experiments is shown. \**P*\<0.05;\*\**P*\<0.01; \*\*\**P*\<0.001.](1052150.fig7){#f7-1052150}

Discussion
==========

By investigating the response to selective BH3-mimet-ics we have identified subgroups of DLBCL cells that depend on either BCL-2, BCL-X~L~ or MCL-1 for survival. Our side-by-side comparison of selective BH3-mimetics targeting the main anti-apoptotic proteins suggests that BCL-2, BCL-X~L~ and MCL-1 are all important therapeutic targets in DLBCL. However, we have not investigated the role of other BCL-2 family proteins, such as BCL2A1 or BCLw, due to the lack of specific inhibitors.

In line with previous studies, our data indicate a correlation of ABT-199 sensitivity with high BCL-2 protein expression.^[@b7-1052150],[@b25-1052150]^ However, in our study sensitivity to ABT-199 was independent of genetic alterations of BCL-2 and not all cells expressing high BCL-2 levels were sensitive to ABT-199, highlighting the need to better understand the mechanisms of resistance in cells with high expression of BCL-2, such as HBL1 and OCI-LY3. Although RIVA and U2932 also expressed high levels of BCL-X~L~ and MCL-1, BAX and BIM were exclusively sequestered by BCL-2, indicating that in these cells BCL-2 is the preferred binding partner for the pro-apoptotic proteins. The molecular basis for this preferential binding is not known. Increased binding to BCL-2 instead of the related protein BCL-X~L~ cannot be explained by different binding affinities, as BIM BH3-peptides bind more strongly to BCL-X~L~ than to BCL-2,^[@b28-1052150],[@b32-1052150]^ but may be explained by the amount of accessible protein at the mitochondria or by enhanced protein stability.^[@b33-1052150]^ Our data indicate that ABT-199 released pro-apoptotic BAX and BIM and that the released BAX induced activation of BAK, as knockdown of BAX significantly reduced BAK activation ([Figure 6E](#f6-1052150){ref-type="fig"}). The involvement of BIM in ABT-199-induced apoptosis appears to be cell-type-dependent, as BIM knockdown reduced apoptosis in RIVA but not in U2932 cells ([Figure 5](#f5-1052150){ref-type="fig"}).

In contrast, in the BCL-X~L~-dependent cell lines RCK8 and SUDHL8, BAX and BAK were exclusively bound to BCL-X~L~. These cell lines expressed high levels of BCL-X~L~ but low levels of BCL-2 and MCL-1, which may explain why BCL-X~L~ was the preferred binding partner. Treatment with A1331852 displaced both BAX, BAK and BIM from BCL-X~L~. Knockdown experiments indicated that although BIM was displaced, it did not contribute to A1331852-induced apoptosis, whereas both BAX and BAK were involved. Taken together, these experiments indicate that the marked sensitivity of RCK8 and SUDHL8 cells reflected the high levels of BAX and BAK bound by BCL-X~L~ and that the displacement of these proteins by A1331852 was sufficient to induce apoptosis. Another study has shown a requirement for BH3-only proteins for A1331852-induced apoptosis in HCT-116 cells,^[@b34-1052150]^ highlighting important differences from DLBCL.

In terms of S63845-induced apoptosis, the MCL-1-dependent cell lines SUDHL10 and U2946 did not express especially high levels of MCL-1, but both cell lines expressed only small amounts of BCL-2 and BCL-X~L~. BIM and BAK were predominantly sequestered by MCL-1 in these cells. BAK has previously been identified as an essential mediator of S63845-induced cell death in breast cancer cells,^[@b35-1052150]^ but our data demonstrate that BAX may be more important for MCL-1 inhibition in DLBCL. Thereby, BAK and/or BH3-only proteins displaced from MCL-1 contributed to the activation of BAX and apoptosis. Besides BIM, our data also indicate that NOXA is a potential mediator of S63845-induced apoptosis. NOXA is highly bound by MCL-1 and displaced by S63845, which may enable NOXA to act as a direct activator for BAX, as suggested previously.^[@b36-1052150],[@b37-1052150]^

Taken together, our study demonstrates that the sensitivity to BH3-mimetics is underlined by sequestration of BIM, BAX and/or BAK by the anti-apoptotic BCL-2 proteins, a phenomenon that is disrupted by BH3-mimetics, leading to predominantly BAX-mediated apoptosis. Therefore, our data support a model in which the major function of the anti-apoptotic BCL-2 proteins in DLBCL cells is to directly sequester or inhibit BAX. Dependent on the abundance of the different anti-apoptotic BCL-2 proteins, the pro-apoptotic proteins preferentially bind to either BCL-2, BCL-X~L~ or MCL-1 which renders these cells highly sensitive to selective BH3-mimetics. However, our data also highlight that besides BCL-2, BCL-X~L~ or MCL-1 additional anti-apoptotic BCL-2 proteins such as BCL2A1^[@b38-1052150]^ and BCL-w^[@b39-1052150]^ may play important roles in DLBCL, as some cell lines, including Pfeiffer and OCI-LY3, display high priming but are nevertheless not responsive to inhibition of BCL-2, BCL-X~L~ or MCL-1. A more detailed understanding of the molecular mechanisms of resistance in these cell is required to enable the best use of potent BCL-2 family inhibitors in clinical practice.
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